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Introduction {#eji4694-sec-0010}
============

Glioma is the most frequent and lethal cancer in the adult CNS \[[1](#eji4694-bib-0001){ref-type="ref"}\]. One key element of its recurrence is the immunosuppressive tumor microenvironment, which counteracts the host defense activities \[[2](#eji4694-bib-0002){ref-type="ref"}\]. Glioma secretes molecules responsible for the recruitment of innate immune cells such as microglia and monocytes, which account to about 30% of the whole tumor mass and whose presence negatively correlates with patient\'s survival \[[3](#eji4694-bib-0003){ref-type="ref"}\]. The panel of infiltrating immune cells also comprises T lymphocytes and natural killer (NK) cells \[[4](#eji4694-bib-0004){ref-type="ref"}, [5](#eji4694-bib-0005){ref-type="ref"}\]. NK cells have direct cytotoxic activity against cancer cells \[[6](#eji4694-bib-0006){ref-type="ref"}\], and their depletion hampers the anti‐cancer properties exerted by IL‐15 and environmental stimuli in mouse models of glioma \[[7](#eji4694-bib-0007){ref-type="ref"}\]. Heterogeneity of mouse NK cells encompasses distinct subsets endowed with different effector functions and characterized by the different expression of CD27 (CD70 receptor) and CD11b (integrin αM) \[[8](#eji4694-bib-0008){ref-type="ref"}\]. The composition of gut microbiota (GM) is recognized as a key element that affects the host metabolism and the development and function of the immune system, playing important roles in systemic diseases and modulating brain functions \[[9](#eji4694-bib-0009){ref-type="ref"}, [10](#eji4694-bib-0010){ref-type="ref"}\]. In the present study, we demonstrate that chronic ABX treatment alters the GM composition and promotes brain tumor growth, hampering cytotoxic NK cell subsets.

Results and discussion {#eji4694-sec-0020}
======================

Glioma growth increases in ABX‐treated mice {#eji4694-sec-0030}
-------------------------------------------

Microbiota involvement in cancer patient\'s response to immune modulators has been recently demonstrated showing that chronic ABX consumption is associated with poor response in epithelial tumors \[[11](#eji4694-bib-0011){ref-type="ref"}\]. An open unexplored question is the possibility to alter cerebral tumor microenvironment acting on gut microbe composition. To investigate if chronic ABX treatment could alter GM composition and impact glioma growth, we treated mice with two not orally absorbable ABX and after 2 weeks the syngeneic GL261 glioma cells (GM) were brain transplanted. Three weeks later, upon continuous ABX treatment, tumor size was evaluated (Fig. [1A](#eji4694-fig-0001){ref-type="fig"}). Data in Fig. [1B](#eji4694-fig-0001){ref-type="fig"} indicate that in ABX‐treated mice (GM/ABX) tumor volume was significantly increased. Gut microbiota regulates the immune function \[[12](#eji4694-bib-0012){ref-type="ref"}\], but the role of specific taxa or the mechanisms and metabolites involved need further investigation. Few studies investigated NK cell activity in germ‐free conditions, showing altered NK cell cytotoxicity upon epigenetic remodeling \[[13](#eji4694-bib-0013){ref-type="ref"}\] or reduced priming \[[14](#eji4694-bib-0014){ref-type="ref"}\]. In our experiments, we observed that the frequency of NK cells (CD45^+^/CD3^--^/NK1.1^+^) infiltrating the tumoral and the non‐tumoral hemisphere was not modified by ABX treatment (Fig. [1C](#eji4694-fig-0001){ref-type="fig"}), while the cytotoxic CD27^+^/CD11b^+^ NK cell subset was reduced and the immature CD27^+^/CD11b^--^ NK cell population was increased (Fig. [1D and E](#eji4694-fig-0001){ref-type="fig"}). The effect on NK cell subsets was not tumor specific, since a reduced abundance of CD27^+^/CD11b^+^ NK cells was also measured in the bone marrow (BM) and the spleen (Fig. [1F--I](#eji4694-fig-0001){ref-type="fig"}). Because the CD27^+^/CD11b^+^ NK cells are involved in tumor cell lysis and control of metastasis \[[15](#eji4694-bib-0015){ref-type="ref"}, [16](#eji4694-bib-0016){ref-type="ref"}\], we speculate that their reduction could explain tumor size increase observed in GM/ABX mice. We verified that GL261 cells were susceptible to NK cell lysis in vitro, measuring NKGD2 ligands (RAE‐1 and MULT‐1), DNAM ligand (CD155/PVR), and MHC class I expression and performing a degranulation assay (as CD107a expression, Fig. [1L and M](#eji4694-fig-0001){ref-type="fig"}). Also the CT‐2A murine glioma cells were subject to NK cells cytotoxicity (data not shown). In addition, the CD27^+^/CD11b^+^ NK cell subset was effective in the tumor microenvironment, since they expressed CD107a (GM: 33.1 ± 7.6%; GM/ABX:17.5 ± 3.3%\*, *p* \< 0.05, *n* = 4 pooled from two experiments, two animals per group, *t*‐test) and the activation marker CD69 (GM: 26.7 ± 2.4%; GM/ABX: 30.1 ± 2.7%, *n* = 4 pooled from two experiments, two animals per group) (Fig. [1N](#eji4694-fig-0001){ref-type="fig"}). This result shows that ABX treatment affected both the amount of mature NK cells and their cytotoxic activity. The functional impairment and the altered immature/mature NK cell ratio have been involved in a murine model of MS \[[17](#eji4694-bib-0017){ref-type="ref"}\]. To investigate a direct link between tumor growth and NK cell activity, we depleted NK cells from GM and GM/ABX mice (supporting gating strategy, D for NK cell depletion checking) and evaluated tumor size. As shown in Fig. [1O](#eji4694-fig-0001){ref-type="fig"}, NK cell depleted GM mice had bigger tumor compared to non‐depleted mice, confirming the antitumoral activity of NK cells in glioma. In neuroinflammation, the cross‐talk of NK cells with infiltrating monocytes is neuroprotective \[[18](#eji4694-bib-0018){ref-type="ref"}\]. We did not observe differences in frequency of microglia (CD45^low^/CD11b^+^/Ly6C^−^/Ly6G^--^), monocytes/macrophages (CD45^+^/CD11b^+^/Ly6C^+^), or infiltrating lymphocytes such as T (CD45^+^/CD3^+^) and NKT (CD45^+^/CD3^+^/NK1.1^+^) cells in the tumoral hemisphere upon ABX treatment (Fig. [1P](#eji4694-fig-0001){ref-type="fig"}). Recent papers described that an enriched environment promotes NK cell maturation and enhances their antitumor immunity via sympathetic nerve‐dependent regulation of NKG2D and CCR5 \[[19](#eji4694-bib-0019){ref-type="ref"}, [20](#eji4694-bib-0020){ref-type="ref"}\] and through IFN‐γ‐mediated communication with microglia \[[21](#eji4694-bib-0021){ref-type="ref"}\]. To further demonstrate that changes in gut microbiota could affect tumor growth, ABX treatment was interrupted for some mice, allowing gut microbiota recovery (GM/R) (Fig. [1Q](#eji4694-fig-0001){ref-type="fig"}). This treatment reduced tumor size and reverted the effects on NK cell subset distribution compared to mice continuously treated with ABX (Fig. [1Q and R](#eji4694-fig-0001){ref-type="fig"}). These data suggest a role of microbiota in shaping NK cell population and thus the anti‐tumoral activity in glioma.

![Tumor size and NK cell alterations in ABX‐treated tumor‐bearing mice. (A) Study design. (B) Tumor size in GM and GM/ABX mice, *n* = 9, pooled from three experiments, two to five animals per group. Right: Representative images of brain coronal slices, scale bar = 1 mm. (C--E) Flow cytometric analysis of NK cells in the brain and NK cell subset analysis of GM and GM/ABX mice. NK cells were gated as CD45^+^/CD3^‐^/NK1.1^+^ lymphocytes and divided according to CD27 and CD11b expression (C, top: GM *n* = 10, GM/ABX *n* = 10, pooled from five experiments, one to three animals per group; bottom: GM *n* = 7, GM/ABX *n* = 4 pooled from four experiments, one to three animals per group; (D) GM *n* = 7, GM/ABX *n* = 7 pooled from four experiments, one to three animals per group; (E) GM *n* = 5, GM/ABX *n* = 3 pooled from four experiments, one to two animals per group). (F, G) Percentage (GM *n* = 5, GM/ABX *n* = 6 pooled from three experiments, one to three animals per group) and absolute number (GM *n* = 8, GM/ABX = 12 pooled from five experiments, one to four animals per group) of NK cell subsets in the BM. (H, I) Percentage (GM *n* = 7, GM/ABX *n* = 7 pooled from four experiments, one to three animals per group) and absolute number (GM *n* = 5, GM/ABX *n* = 6 pooled from four experiments, one to two animals per group) of NK cell subsets in the spleen. (L) Flow‐cytometric analysis of NK cell activating ligands and MHC class I expression in murine GL261 cells. (M) NK cell degranulation activity against GL261 cells. (N) Activation status of CD27^+^CD11b^+^ NK cells in the tumoral hemispheres of GM and GM/ABX mice (representative experiment). (O) Upper: Study design of in vivo NK cell depletion; lower: tumor size in NK cell--depleted GM and GM/ABX mice, *n* = 5 per group pooled from two experiments, two to three animals per group. (P) Upper left: Flow cytometric quantification of microglia defined as CD45^low^/CD11b^+^/Ly6C^--^/Ly6G^--^ population (*n* = 7 pooled from four experiments, one to three animals per group); upper right: brain‐associated monocytes/macrophages defined as CD45^+^/CD11b^+^/Ly6C^+^ (GM *n* = 7, GM/ABX *n* = 5 pooled from four experiments, one to two animals per group); lower left: NKT lymphocytes (CD45^+^/CD3^+^/NK1.1^+^; GM *n* = 7, GM/ABX *n* = 5 pooled from four experiments, one to two animals per group); lower right: T lymphocytes (CD45^+^/CD3^+^/NK1.1^--^; GM *n* = 7, GM/ABX *n* = 5 pooled from four experiments, one to two animals per group). (Q) Upper: Study design of gut microbiota recovery; lower: tumor size in GM, GM/ABX (*n* = 9 pooled from three experiments, two to five animals per group) and GM/R (microbiota restored mice, n = 5 pooled from two experiments, two to three animals per group). \**p* \< 0.05, \*\* *p* \<0.01, \*\*\* *p* \<0.001 by multiple Student\'s *t*‐test or ANOVA.](EJI-50-705-g001){#eji4694-fig-0001}

ABX administration alters gut microbiota and innate immune cells {#eji4694-sec-0040}
----------------------------------------------------------------

We investigated the effects of ABX treatment on gut microbiota and innate immune cells at the moment of glioma transplantation (Fig. [2A](#eji4694-fig-0002){ref-type="fig"}). Phylogenetic analysis of cecal microbiota of ABX‐treated mice showed increase of Burkholderiales families (Alcaligenaceae and Burkholderiaceae) and reduction of the Prevotellaceae, Rikenellacaea, and Helicobacteraceae families (Fig. [2B](#eji4694-fig-0002){ref-type="fig"}). ABX mice also showed an overall reduction in species diversity, as a lower α‐diversity Shannon index (Fig. [2C](#eji4694-fig-0002){ref-type="fig"}). NK cells from the BM and the spleen of control and ABX‐treated mice were analyzed: Figure [2D--I](#eji4694-fig-0002){ref-type="fig"} shows that 2‐week ABX treatment modified NK cells number and the subset distribution. This effect was specific for NK cells since the number of splenic B lymphocytes (CD45^+^/CD19^+^ cells) and resident DCs (CD45^+^/CD11c^+^ cells) was not affected (not shown) \[[22](#eji4694-bib-0022){ref-type="ref"}\]. The frequency of NK cells in the brain was not modified by ABX treatment (Fig. [2L](#eji4694-fig-0002){ref-type="fig"}). Nevertheless, and consistent with the data on BM and spleen, ABX treatment reduced the frequency of CD27^+^/CD11b^+^ cell subset (Fig. [2M](#eji4694-fig-0002){ref-type="fig"}). A microbe--microglial communication has been recently described \[[9](#eji4694-bib-0009){ref-type="ref"}\], with key role played by short chain fatty acids. ABX treatment did not change microglia frequency (Fig. [2N](#eji4694-fig-0002){ref-type="fig"}) but the CD11b^+^ cells (mainly microglia) isolated from the brain of ABX‐treated mice modulated the expression of genes involved in the immune functions \[[23](#eji4694-bib-0023){ref-type="ref"}\] and in patrolling activity \[[24](#eji4694-bib-0024){ref-type="ref"}\]. ABX treatment increased *arg1*, *p2ry12*, and *inos* mRNA expression and ARG1 and P2RY12 proteins in microglia (Fig. [2O and P](#eji4694-fig-0002){ref-type="fig"}), indicating a different activation state and, likely, inflammatory activity.

![ABX administration alters gut microbiota composition and hampers NK cells. (A) Study design. (B) Family‐level phylogenetic classification of cecal 16S rDNA gene frequencies from control or 2‐week ABX‐treated mice. Each bar represents one mouse, *n* = 5 pooled from two experiments, two to three animals per group, \*decreased or ^\#^increased versus control by ANCOM analysis. (**C)** Quantitative analysis of α‐diversity of the gut microbiota in ABX‐treated mice compared to controls, *n* = 5 pooled from two experiments, two to three animals per group, \**p* \< 0.05 by Kruskal--Wallis test. **(D, E)** Total number of NK cells in the BM (C = 5, ABX = 5 pooled from four experiments, one to two animals per group) and spleen (C = 7, ABX = 10 pooled from three experiments, one to four animals per group). (**F--I)** NK cell subset analysis in the BM and spleen of control and ABX mice (**F**, C = 4, ABX = 7 pooled from two experiments, two to four animals per group; (**G)** C = 5, ABX = 4 pooled from two experiments, two to three animals per group; (**H)** C = 4, ABX *n* = 7 pooled from two experiments, two to four animals per group; (**I)** C = 4, ABX = 4 pooled from two experiments, two animals per group). (**L, M)** NK cell percentage (C = 8 and ABX = 10 pooled from four experiments, one to three animals per group) and NK cell subset distribution (C = 4 and ABX = 4 animals pooled from three experiments, one to two animals per group) in the brain of treated mice. (**N)** Microglia quantification by flow cytometry (C = 8, ABX = 10 pooled from five experiments, one to three animals per group). (**O)** mRNA level as fold increase in ABX mice over control mice, *n* = 6--7 pooled from three experiments, two to three animals per group. (**P)** Protein expression level (MFI) as evaluated by flow cytometric analysis, n = 5 pooled from two experiments, two to three animals per group. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001 by multiple Student\'s *t*‐test.](EJI-50-705-g002){#eji4694-fig-0002}

Concluding remarks {#eji4694-sec-0050}
==================

Here we demonstrated that ABX‐treatment of glioma‐bearing mice promoted tumor growth and changed the NK cell subsets and effector functions in the brain, BM, and spleen. We also demonstrated that ABX treatment modified gut microbiota, induced early impairment of NK cells, and induced changes in microglia phenotype, suggesting that an altered gut--immune--brain communication may contribute to induce a tumor‐tolerant CNS microenvironment, which favors tumor development. Further experiments will be necessary to investigate how microbiota alterations modulate the activity of innate immunity. Here, we speculate that the absence of microbial signals from Prevotellaceae, Rikenellacaea, and Helicobacteraceae or the increased signals from Burkholderiales are responsible for the observed effects. It is possible that an altered microbiota can modulate the systemic inflammatory state that is mediated by microbiota‐regulated signals such as pattern recognition receptors (PPRs) or IFN‐I. Altogether, these data support the presence of a functional gut--immune--brain axis whose modulation might represent a tool to counteract brain tumor immunosuppression.

Materials and methods {#eji4694-sec-0060}
=====================

Animal husbandry {#eji4694-sec-0070}
----------------

C57BL/6N mice (males, 6 weeks) were randomly assigned to experimental groups. The microbiological status of the animals and facility (in Sapienza University) is continuously monitored. All mice were housed (two to four animals per cage) under a 12‐h light cycle in standard cages, in autoclaved bedding and drinking water, and with sterilized standard chow ad libitum.

GL261 transplantation and ABX treatment {#eji4694-sec-0080}
---------------------------------------

The study was conducted in accordance with the ARRIVE guidelines \[[25](#eji4694-bib-0025){ref-type="ref"}\]. All the experiments and procedures were approved by the Italian Ministry of Health (authorization No. 231/2015PR) in accordance with the EC Council Directive 2010/63/EU and the Italian D.Leg.26/2014. All the efforts were done to minimize animal suffering, and to reduce the number of animals, calculating the necessary sample size before starting the experiments. Glioma syngeneic mouse model and NK cell depletion were obtained as previously described \[[21](#eji4694-bib-0021){ref-type="ref"}\]. Mice were treated with not‐absorbable ABX (\[0.5g/L\] vancomycin and \[0.5g/L\] gentamicin) and sucralose (0.5%) to improve palatability or with sucralose alone (control solution) in autoclaved water. ABX and control solutions were changed every 2 days. After 5‐week ABX treatment, mice showed a slight but significant increase in body weight compared to controls (growth rates: C 111.0 ± 1.2%; ABX 115 ± 0.7%, *n* = 5 pooled from two experiments, two to three animals per group *p* \< 0.001 by *t*‐test).

Phylogenetic analysis {#eji4694-sec-0090}
---------------------

Bacterial DNAs from ceca were extracted with the Qiagen mini‐stool‐kit (Hilden, Germany) according to manufacturer\'s instructions. Ribosomal 16S DNA was amplified as in Ref. \[[26](#eji4694-bib-0026){ref-type="ref"}\] and tested in 1.5% agarose gel. The taxonomies of Silvav.132 have been associated with OTU sequences. The alpha‐diversity analyses were performed using the Shannon index; Kruskal--Wallis test was used to compare treatments. Differentially abundant microbial families were identified by ANCOM statistics.

Cell isolation and flow cytometric analyses {#eji4694-sec-0100}
-------------------------------------------

The study was conducted in accordance with the reported flow cytometry guidelines \[[27](#eji4694-bib-0027){ref-type="ref"}\]. Single‐cell suspensions were obtained from total brain, non‐tumoral or tumoral hemispheres as indicated. Mice were intracardially perfused with PBS and brains were rapidly removed, hemispheres separated, and placed into ice‐cold HBSS. The hemispheres were disrupted in a glass‐teflon homogenizer and passed through a 100 μm nylon cell strainer (Becton‐Dickinson). Suspension was centrifuged (800 *g*, 10 min, RT), the pellet was resuspended in 8 mL of 30% Percoll (Sigma) and overlaid on the top of HBSS. The suspension was centrifuged (14 000 *g*, 15 min, RT), the pellet was washed with 10% FBS in HBSS and cells used for flow cytometry or labeled with CD11b+ Microbeads and passed through MACS Columns (Miltenyi Biotec). Cells from the BM (one femur and tibia) and spleen were obtained by flushing with syringe and smashing on a 70 μm cell strainer, respectively. For flow cytometry, conjugated mAbs for the following antigens (clone name) were used: CD45.2‐APC‐eFluor780 (104), CD3e‐PerCP‐Cyanine5.5 (145‐2C11), NK1.1‐PE (PK136), NK1.1‐APC (PK136), CD27‐APC (LG.7F9), CD27‐FITC (LG.7F9), CD11b‐FITC (M1/70), CD11c‐PE (N418), CD107a‐PE (1D4B), ARG1 APC (A1exF5), Inos‐PE (CXNFT) from eBioscience; CD19‐FITC (6D5), CD11b‐PE‐Cy7 (M1/70), Ly6C‐APC (HK1.4), Ly6G‐PE (1A8), CD69‐PE (H1.2F3), GR1‐FITC (RB6‐8C5), MHC class I/H‐2K^b^/H‐2Db‐APC (28‐8‐6), P2RY12‐APC (S16007D) from BioLegend; RAE‐1FITC (186107), MULT‐1‐PE (237104), CD155/PVR‐APC (690912) from R&D System. Cells were washed and suspended in staining buffer (PBS, 0.5% BSA, 2mM EDTA, 0.025% NaN~3~). Anti‐CD16/32 (clone 24G2) was added (10 min) to prevent nonspecific and Fc‐mediated binding. Cells were stained with the indicated antibodies for 20 min at 4°C. iNOS and ARG1 intracellular staining was carried out using the BD Cytofix/Cytoperm^TM^ kit. NK cell degranulation assay was performed as previously reported with GL261 cells as target \[[28](#eji4694-bib-0028){ref-type="ref"}\]. Samples were analyzed by FACS‐CantoII (BDBiosciences) and data elaborated using FlowJo9.3.2 (TreeStar). Absolute number of cells was calculated as percentage multiplied by organ count. Gating strategies are shown in Supporting Information.

Tumor volume evaluation {#eji4694-sec-0110}
-----------------------

Serial 20 μm coronal brain slices (one every 100 μm of entire tumor length) were collected and stained with standard H&E protocol. Tumor volume was calculated according to the formula (volume = *t* × Σ*A*), where *A* is the tumor area/slice and *t* is the thickness by ImageTool3.0 software.

RNA preparation and qRT‐PCR {#eji4694-sec-0120}
---------------------------

Total RNA was isolated from CD11b^+^ cells as previously described \[[21](#eji4694-bib-0021){ref-type="ref"}\]. For quantification, the comparative threshold cycle (Ct) method was used. Ct values of each gene were normalized to Gapdh in the same RNA sample. Gene expression levels were evaluated as fold‐change using the equation 2^‐ddCt^. The primers used were previously described \[[21](#eji4694-bib-0021){ref-type="ref"}\].

Statistics {#eji4694-sec-0130}
----------

Data are expressed as mean ± SEM. Student\'s *t*‐test or ANOVA was performed. The *p* value of \<0.05 was considered statistically significant. Statistics were carried out by SigmaPlot11.0 (Systat Software GmbH, Germany) and Prism6.0 (GraphPad Software).
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